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BODY tE'~IIJTION MOTJR'IED ON A SWEMCKWm 

By FrederickW. Roltz aud Benjamin H. Ream 

An investigation has been made of the effects of com$xress$bility on 
the forces, on the pitching moments, and on the surface pressures on a 
wingpaacelle c&Uation. The leading edge of the wing was suept back 
37.25O asd the nacelle '~88 a body of revolution having a fineness ratio 
of 6.5. The effect6 of compressibilitg on the surface pressures and on 
the drag of a body of revolution similar to the nacelle were also deter- 
-d. 

Data are presented in this report for Mach numbers from 0.18 to 0.92 
for the wingzlacelle conibination and from 0.18 to 0.95 for the body of 
revolution, both for a Reynolds number of 2,000,OOO based on the wing 
mean aerodynamic chord. 

The effects of the nacelle on the lift and pitch- nt character- 
istics of the wing were found to be small. The pressure measurements 
indicated that local regions of hlgh:velocity occurrUg in the we 
nacelle junctures neer the leading edge at low speeds persisted at high 
speed8. In spite of this interference effect, however, the drae 
divergence Mach mruber of the,wcelle co&in&ion was only slightly 
lower than that of the plain wing. A critical Mach nmiber based on local 
regions of high velocities In the wing;nacelle junctures ie shown to be 
an unsatisfactory indication of the drag-divergence Each n-r. 

A method is presented for calculating the pressure coeff5cients 
over the body of revolution in compressible flow using the stream 
function and linear theory. Pressure coefficients calculated by this 
method are shown to asee well with the experiImn.tal. pressure coefffcients. 
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An important objective of the current study of 8wept wings is the 
determination of the aerodynamic effects of nacelles and of exteraal 
BtOl?eB mounted a such wings. In previous investigations at subcritical 
speeds (references 1 and 2) local region8 of high velocity have been 
observed at the juncture6 of a swept wing 8x.d a nacelle. Estimated 
critical Mach numbers based on the pressures in these regions of high 
velocity were found to be much lower than those based on the pressyes 
on the swept wing without the nacelle. It became apparent, therefore, 
that further study was required to determine the degree to which inter 
ference from a nacelle may affect the force-divergenoe Mach nuniber of a 
swept wing. 

Au investigation of the aerodynamic interference of a nacelle on a 
BWept winghas beenconducted tithe Ame8 73--'pOOt preBsUreWhdtUD.XI,e~ 
over a range of Mach nunibers which included dr@ivergence Mach numbers. 
The wing used in the investigation had 37.25O Bweepback at the leading 
edge and had 8x1 aspect ratio of 6.04. The nacelle was BiIUUhted by a 
solid body of revolution hav3ng a fiaeness ratio of 6.5, and was mounted 
on the'underside of the wing fn such a wey that the contour of the upper 
surface ofthewing was changedomlyneartheleadingedge. The aerody- 
namic characteristics of the model wing without the nacelle hove been 
reported in reference 3. In the present report the forces, sitching 
mments, and static pressures on the -cell8 canibination are pre- 
sented alang with the drag and static-pressure measurements an an isolated 
body of revolution similar to the nacelle. A COIl&WiSOP of the Static- 
pressure coefficients over the body of revolution with those predicted by 
lineartheoryha8 been included. 

NOTATION 

c, drag COeffiCient based on wing p-ox% area 
, ( 

drag 
s$; > 

C$, drag coefficient based on f'?mntal. area of body of revolution 

CL lift coefficient lift 
( > s- 

CIn pitchinmment coefficient about the quarter point of the mean 

aerodynamic chord 
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Lb 
. 

M 

ratio of lfft to drag 

Mach nu&er g 
0 

critical Hach number, the free-stream Each nmiber at which sonic 

3 

%r 
MD 

s P 

I 

Rw 

Rb Reynolds nmiber based an body length 

S 

V 

a 

b/2 

C 

. E 

P 

velocity is first attained 

drag-divergence B&ch nrmiber, the free-stream~ch ntier at 

which = O.lQ 

lift-divergence Mach nu&er, the free-&reamMach nmiber at which 
the absolute value of lift coefficfent at a constant augle of 
attack reaches a maxUum 

the fre-tream Mach nuniber at which the compoueut of local Hach 
nuuibernomaltothe isobar inclinedatthe augle cp equals 
unity at a specific point on the surface 

pressure coefficient -0 

( > Qo 

Reynolds nuniber based on wing chord 

semispau wing area, square feet 

velocity, feet per second 

speed of sound, feet per second 

wing semispan normal to plane of s-try, feet 

local wing chord parallel to plane of symmetry, feet 

mean aerodyna&c wing chord , feet 

static pressure, pounds per square foot 
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q dynamic pressure , pounds per square foot 

a angle of attack, de@Tees 

v coefficient of viscosity of air, slugs per foot-second 

P mass densfty of air, slugs per cubic foot 

cp local angle of sweep of isobars, degrees 

Subscripts 

0 free stream 

U uncorrected 

The semispan model wing upon which the nacelle wa6 mounted was the 
model Used in the swept-wing investigation reported in reference 3. The 
model represented one4alf of a wing having the leading edge sxept back 
37a0t an aspect ratio of 6.04, and a taper ratio of 0.5. Ro twist was 
built into the wing and the sections perpendicular to the quarter-chord 
line were the ITACA &l+l2, the coordinates of which are given in 
table I. The nacelle was a body of revolution havj.ng a fWenese ratio 
of 6.5. From the nose of the nacelle to the maximum diameter the shape 
was that of a prolate spheroid, and from the maximum dfameter to the tail 

.the shape was that of a edified NACA ill fuselage. The coordinates of 
the nacelle are given in table II. The nacelle was mounted on the under- 
side of the wing at 31 percent of thersemispan as shown ti figure 1. 
The w-celle junctures were faired by the use of fillets behind the 
maximum diameter of the nacelle. 

The model, a photograph of which is presented in figure 2(a), was 
built of laminated mahogany, secured to a steel spar. Chordwise rows of 
pressure orifices were situated at 15, 55, 73.3, and 91.7 percent of the 
semispan and at the wmcelle junctures and along the center 1Fnes of 
the upper and lower surfaces of the nacelle. The turntable, upon which 
the model was mounted, was directly connected to the force-msasuring 
apparatus. Pressures were measured by means of nzultiple-tube manometers, 
the readings of which were recorded photographically. 

The fineness ratio of the body of revolution was the sanm a6 that of 
the nacelle (6.5), but the ordinates differed slightly behind the *rcent 
station as may be noted from table II. For the body, a short cylindrical 
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center section was used to join the prolatHpheroid forebody to the 
RACA lllafterbody. 

The bodywas constructed of laminatedmahogany andwas mounted on 
a 1-l/2-inch tube as shown in figure 2(b). Lengthtise rows of pressure 
orifices were located, as indicated in figure l(a), slang meridians O", 
300, 600,' 900, 12Oo, 1500, 1800, and 2'j'O" from the top of the body. Also 
shown in figure 2(b) sre the wak-urvey rakes used in the determination 
of the drag. This survey equipnt was removed for the m3asuremsnts of 
surface pressures. 

CCERECTIONS TO RATA . 

Tunnel-wall-interference corrections were evaluated by the method 
of reference 4, with the computations ~1ightl.y modified to account for 
the effects of sweep. The following corrections were added to the data 
for the Mcelle combination: 

ba = 0.489 c, 

LCD = 0.00754 CL2 

Ho correction was applied to the angle of attack of the body of revolu- 
tion* 

The constriction corrections due to the presence of the tunnel walls 
were determined by the method of, reference 5. while the method used is 
strictly applicable only to full--span models located centrally in the 
turn81 and does not sllow for large angles of sweep, it has been used as 
the best available estimate of the constriction effects on the wing- 
nacelle coIribination. The ma@.tude of the corrections applied to the 
Mach number and to the dynamic pressure for the tests of the winginetcelle 
ComMnation is illustrated in the followingtable: 

Corrected mcorrected Corrected q, 
Machnur&er Machnusiber Uncorrected qQ 

0.300 
A-00 
-500 
.600 
-700 
.800 
.ew 
l 9m 
-920 

0.300 
l 399 

0499 

l 598 
:;;I 
.841 
.@5 
-902 

1.003 
1.004 
1.005 
1.006 
1.007 
1.009 
1.011 
1.018 
1.021 
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The constriction correction for the body of revolution due to the 
presence of the tunnel walls was also determined by the method of 
reference 5, and the magnitude of the corrections is illustrated in the 
following table: 

COZTeCt8d 
Mach nuMber 

0.800 
.850 
0900 

~mXXrr8Ct8d 
Mach number 

0.799 
,849 
.897 

ComeCt8d q. 
Uncorrected q. 

1.001 
1.002 
1.003 
1.004 
1.007 

The Mach nuniber at which choking occurred in the tunnel test section 
with the model at O" angle of attack was dstimated to be 0.948 for the 
wing-aacelle combination snd 0.960 for the body of revolution. 

&rrections for the tare drag of the expO68d SurfaC8 of the turn- 
table were obtained with the model removed from the tunnel. The tare- 
drag coefficfent was O&O35 and was not affected by compressibility. 
The drag due to interference between the mdel and the turntable was not 
evaluated but was believed to have been small. 

Drag data from the wake survey behind the body of revolution were 
evaluated by the method of reference 6. Bo attempt was made to evaluate 
the effect of body-sting interference on the body pressures. 

!CEETS 

The static pressures an the wing-aacelle combination were msasured 
simultaneously with the lift, drag, and pitching momsnt for Mach numbers 
from 0.18 to 0.92 at a constant Repolds number of 2,WO,OOO. The angle- 
of-attack range was from -8' to 20 at 0.18 Mach number snd was reduced 
at higher Mach numbers because of model-strength and tunnel-power limita- 
tions. 

Drag data for the body of revolution at O" angle of attack were 
obtained by the wake-survey method for Mach numbers from 0.18 to 0.95 at 
a constantReynolds number of 3,76O,OOO based onthelength of the body 
or 2,000,OOO based on the mean aerodynamic chord of the wing. Static 
pressures were measured through an angle-of-ttack rsnge of O" to 8O for 
Mach numbers from O.l.8 to 0.94 at the sams Reynolds number. 
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RESufiTs AXD DISCUSSION 

Aerodynanic interference between the nacelle and the swept wiug is 
8Vsluated in this report by considering the pressures aud forces on each 
separately snd comparing them with those on the -ells combination. 
The fOrCef3, xmnents, and static pressures on the isolated wing have been 
reported in reference 3. Drag data-and static pressures for the body of 
revolution are included in the present report and will be discussed first. 

Body of Revoluticrn 

The variation in drag coefficient with Mach nu&er for the body of 
revolution at O" a4318 of attack is presented in figure 3. Ih the range 
of Mach nmibers from 0.18 to 0.92 the change in drag coefficient with 
Machnuniberwas small. The critical Mach mu&m, determined from static- 
pressure data, was approximately 0.9. 

In figures 4 through 8, the lengthwise distributicm of pressure 
coefficient along several meridians of the body is presented for various 
Mach ntiers at mgles of attack fram 0' to 8O. The location of the 
meridians indicated in these figures is shown in figme 1. The experi- 
mentally determined pressure coefficieuts have been compared with the 
calculated pressure coefficients in figures 9, 10, and 3l. 

. 
To calculate the pressure coefficients over the body in incompressi- 

ble flow, the so&rc~ink distribution for the body was used to obtain 
the stream function from which the velocity components were derived. The 
Raudtl+lauert method was used to extend the calculation to compressible 
flow. (See reference 7.) A detailed explanation of the method of calcula- 
tion fcr both the incampressibHlow solutiou and the linearized COP 
pressible-flow solution is given in Appendix A. 

In figure 9, the lengthwise distribution of pressure coefficient 
calculated by this method is compszed with the experimental data for Mach 
nurrbers of 0.18 and 0.90 and O" angle of attack. The iuco~ressible-flow 
calculation (i.e.,for a %ch nuxiber of zero) is shown to agree well with 
the experimental data at a Mach nuniber of 0.18. The difference between 
the pressure coefficients calculated by the iucompressible-flowtheory 
and the linearized compressible-rplow theory for a Mach nuniber of zero 
illustrates the order of maguitude of the error introduced in liueariz- 
ing the equations of motion. At a Mach number of 0.90 the calculated 
pressure distribution agrees well with that obtaiued experimentally. 

In figure 10, the pressure coefficients calculated by the linear 
theory at the ~essure point for O" angle of attack are compared 
with the exp8rim8ntal pressure coefficients at the same point throughout 
the subsonic Mach nu&er rauge. The variation of the experimntal 
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pressure coefficients with Mach nuniber is approximately the sam as that 
predicted by linear theory, although the experimntal pressure coefff- 
cients are slightly more negative than th8 calculated pressure coeffi- 
cients at all Mach nmibers. 

In figure 11, the calculated pressure coefficients at the 26.F 
percent station on the upper snd lower meridians of the body in inclined 
flow me shown compared with-the experimental values for the sam locaT; 
tions through the subsonic Mach number range for angles of attack of 2 , 
4O, 6O, and 8O. The method of calculation is explained in Appendix B.l 
The good agreement between the calculated and the experimental pressure 
coefficients is evidence that the linear theory can be applfed to the 
prediction of pressure~~hanges with Mach nuniber for a body of revolution 
in an inclined field.of flow; The change of pressure cc5efficient with 
Mach nuniber is shown to be practically independent of the angle of 
attack. 

Wing-Nacelle Combination 

Force and nmment characteristics.- Ihfigure l2thelift,drag, and 
pitcwnt characteristics of the w-cell8 combination are shown 
compared tith those of the wTng alone for Mach numbers from o .18 to 0.92 
at a Reynolds number of 2,000,OOO. Data for the wing al&e have been 
presented Fn reference 3. The variation of the lift and pitch-mnt 
coefficients with %ch nmiber is shown in figure 13 and the variation of 
the lift-curve slope snd aeroQnsmic center is shown in figure 14. 

Addition of the nacelle to the plain wing had only small effects on 
the lift-curv8 slope snd on the &ch number for lift divergence, but 
increased the sngle .of attack for zero lift by approximately 1/2O. At 
zero lift, the aerodynamic center of the wing-nacelle cdmbination was 
ahead of the aerodynamic center of the wing alone by an amount varying 
from 0 to 3 percent of the mean aerodynamic chord for Mach numbers less 
than.o.go. For both the plain wing and the Mcelle combinative, the 
aerodynamic center moved resrward as the Mach nnmber was increased above 
0.80. Addition of the nacelle resulted in smaller negative values of the 
pitching moment for...zerp lift at-the higher Mach numbers. 

The variation of drag coefficient with Mach nuziber is presented in 
figure 15. At lift coefficients of 0.3 and less, the drag of the we 
nacelle combination began to increase at a somewhat lower Mach number 
than that at which the drag increased for the plain wing. At a lift 
coefficient of O-4 this premature drag increase did not occur. The drag- 
divergence Mach number for each lift coefficient has been noted in 

. 

1 
A recent paper by H. Julian Allen (reference 8) gives another method for 

calculating the pressure coefficients due to inclined flow. 
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figure 15. It appears that the addition of the nacelle caused very little 
reduction in the drmivergence Mach number. 

The variation of maximum L/D, of lift coefficient for maximum L/D, 
and of minimum drag coefficient with Mach number are presented in 
figure 16. Aswould be expected, the addition of the nacelle caused a 
reduction in maximum L/D as a result of the increased drag due to the 
nacelle. The lift coefficient for msximum L/D was only slightly 
affected by the addition of the nacelle to the wing. 

Pressure distribution.- The distribution of static-wessure coeffi- 
cient over the wcelle conibFaation is presented in the form of 
isobar diagrams in figures 17, 18, and 19 for a rsnge of Hach numbers and 
for angles of attack of O", 2O, and 4O. Ln figure 20, portions of th8Be 
data are coqared.tith similar data for the plain wing from reference 3. 
The crest line (defined as the locus of points at which the wing surface 
is tangent to the direction of the undisturbed air stream) is indicated 
on all the isobar diagrams for use as a reference line in estimating the 
effects of the changing pressure distribution on the drag. To show more 
clearly the effect of compressibility on the pressures in the wing- 
nacelle junctures, the distributions of pressure coefficient in each of 
the four junctures are compared in figure 21 at several Mach ntiers for 
angles of attack of O", 2O, and 4O. 

Examination of figures 17, 18, and 19 reveals that a region of high 
negative pressure coefficients existed near the leading edge at the inner 
juncture of the wing and the nacelle. On the up*r surface the extent of 
the region was small, even at Mach numbers beyond that for drag divergence. 
From figure 20 it may be noted that the pressures over the remainder of 
the upper surface of the wingnacelle conibination were about the same as 
for the plain wing. On the lower surface-of the wwcelle combinatior, 
interference caused a region of high velocities in the inner juncture and 
Fnfluenced the pressure distribution over much of the area between the 
nacelle andtheplane of symnaetry. The change in the pressure distribu- 
tion was such as to reduce the sweep of the isobars and thus to reduce the 
effectiveness of sweepback of the wing. 

In figure 20(a), the chordtise distribution of pressure coefficient 
over the upper asd lower surfaces of the winmcelle co&in&ion at a 
station half way between the nacelle and the wing root is compared with 
that for the wing without the nacelle at O" sngle of attack. The addition 
of the nacelle resulted in a forward movement of the point of minimum 
pressure on the upper surface and in a slight increase in the sweep of the 
isobars, but caused only a small increase a maximum surface velocity at 
this station. On the lower surface near the nacelle, the presence of the 
nacelle caused a large decrease in minimum pressure as well as a reduction 
in sweep of the isobars, both of which decreased the fre-tress Mach 
number at which a shock wave cold form on the wing. The premature drag 
increase of the winprracelle combination with incress% Mach uymber at 
HOW lift coefficien&, noted with reference to'figure 15, m wobaba 
the result of this shoc&wave formation. 
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From figure 20(b), it is noted that at 4' sngle of attack the veloc- 
ities on the lower surface of the wing-nacelle combination were much lower 
than on the upper surface. Thus, shock waves must have occurred first on 
the upper surface at this angle of attack. ,T&e drag data of figure 15 
showed no premature drag increase at a lift coefficient of 0.4, which 
corresponds to approximately 4O angle of attack, in spite of the local 
region of high velocity at the inner wing3LaceUe juncture on the upper 
surface near the leading edge. 

In figure 21, it may be seen that at 0' angle of attack there was 
little change in the type of chordwise distribution of pressure coeffi- 
cient in the wimcelle junctures up to aMach number of 0.85. However, 
as the Mach number was increased to 0.90, there was a rearward movemnt 
of the region of low pressure in all but the lower outer juncture. At 
angles of attack of 2o and 40, this re arward movement of low pressure, 
resulting from the development of supersonic flow, began at a Mach nuniber 
between 0.80 and 0.85. 

Critical and dra&iivergence mch numb8rs.- In a detailed analysis 
of the forces and pressures on this swept wing, it was shown in refer- 
ence 3 that the draeivergence Ma&h number was only slightly greater than 
the Mach number at which critical flow ccmditions had developed along the 
crest of the entire wing. A critical flow condition was considered to 
.occur when the component of local Mach number normal to the isobars became 
equal to unity. The free-stream MEbch number for the attainment of the local 
critical4low condition has been denoted by the eynibol Mq to distinguish 
it from the critical Mach number I&. When the sweep of the isobars is 
zero, Mp is obviously equal to M&r. 

Figure 22 is presented to show the relation between the drag increase 
and the attainment of critical flow conditions at several poinks .on the 
w-celle combination. In this figure, the pressure coefficients at 
the crest of the upper surface at several spanwise stations, the *imum 
pressure coefficients in the up-p&& lower w&&acell& ~junctures~ &ud 
the total drag coefficient of the wing-nacelle combination are shown as 
functions of Mach number. The dashed curves represent the variation with 
Mach ntier of the pressure coefficients corresponding to the critical 
flow condition for sweep angles of Oo and 350. L@e intersections of the 
solid and dashed curves define a range of Mach numbers within which criti- 
cal flow conditions were attained. An inspection of figure 22 discloses 
that, for sngles of attack of Oo and 20, th8 drag coefficient started to 
increase rapi- at about the Mach number at which the critical flow condi- 
tion r?as attained along the crest of the upper. surface. Moreover, it is 
apparent that the local velocities in the junctures reached the sonic value 
at Mach numbers well below that for drag divergence. 

. 

. 

The relation of the drmivergence Mach number to the critical Mach 
number based on minimum pressures in the junctures is illustrated in 
figure 23, In this figure, the drag-divergence Mach number of the wing- 
nacelle co&&nation, that of the plain wing, and the critical Mach numbers 
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of the upper and lower vcelle junctures sre shown as functions of 
lift coefficient. It is apparent that critical-Mach numbers based on 
localized areas of low pressure do not provide a satisfactory estimate 
of the dra@Livergence Mach number. In the case of the present wing- 
nacelle combination, the drag-divergence Mach number almost equaled that - 
of the plain wing. 

CONCLUSIONS 

Tests have been conducted at Mach numbers up to 0.92 and at a 
constant Reynolds number of 2,000,OOC to determine the effects of 
mounting a nacelle of ffneness ratio 6.5 on a wing having the leading 
edge swept back 37.25'. The results of these tests may be SW ized as 
follows: 

1. The lift and pitching-moment characteristics of 
only slightly changed by the addition of the nacelle. 

the wing were 

2. At lift coefficients less than 0.3, the, nacelle caused the drag 
to increase at a soIllewhart lower Mach nuniber than that at which the wing- 
alone drag begas to Fpcrease. At a lift coefficient of 0.4, this prema- 
ture drag increase did not occur. In-spite of the earlier drag rise, the 
drag-divergence %ch number (defined as the &ch number at which 
&R/aMo = 0.10 at constant lift coefficient) was reduced no more than 0.01 
by the addition of the nacelle. 

30 The upper-surface velocities on the wcelle combination were 
about the same as for the plain wing, except; for a small region of high 
velocity at the inner juncture near the leading edge. On the lower surface 
there was considerable distortion of the velocity distribution, which 
apparently caused the earlier drag rise at the lower lift coefficients. 

4. The critical Mach number based on the pressures in the wing- 
nacelle junctures did not furdish a satisfactory estimate of the drag- 
divergence Mach number. 

From the results of tests at Mach numbers up to 0.95 .of an isolated 
body of revolution similar to the nacelle, it was found that: 

1. The drag coefficient of the body at O" angle of attack varied 
only a small amount up to a Mach number of approximately 0.92. 

2. Good agreement existed between the expertintal values of 
pressure coefficient and those calculated by theory. 

Ames Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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APPENDIX A 

CAIXTILATIONOFTBEFLOWABCUTTErE:l3ODY 
OF momION I3 AN Ax- FlELD 

The body of,revolution used in this investigation was formsdby com- 
bining parts of two other bodies for which the source+ink distributfons ..L. 
were known: a prolate spheroid and a modified NACA 111 body. This appen- 
dix will show the method used to calculate the incompressible flow about 
the prolate-spheroid forebody and the modified NACA 111 afterbody using 
their source-sink distributions. The method till then be extended to 
compressible flow by l&ear theory. 

As shown in reference 9, the source strength for the prolate 
spheroid varies linearly froma maximum at the forward focus to zero at 
the maximum thiclmess. In reference 10, the sink strength for the 
INCA 111 body is shown to increase linearly from zero at 40 percent of 
the length to a maximum at 70 percent, and then to decrease linearly to 
zero at the tail. It is assumed that the source-sink distribution for 
the test body of revolution is that of a prolate spheroid for the forebody 
and that of the RACA ill for the afterbody. This assumption is believed 
justified, since for bodies of the fineness ratio befog considered the 
velocities over the forward portion of the b&y are practically unaffected 
by small changes In shape of the afterbody, end velocities over the 
afterbody are lfttle affected by small changes in the forebody. Further- 
more, the change in fdneness ratio from 5 for the NACA 111 body to 6.5 for 
the test body would affect the sink strength with respect to the free 
stream, but would not materially affect its dietrfbution. 

The condition that produces a closed body of unit length from an 
arrangement of sources and sdnks alonga t axis, where f(C) is the 
source strength per unit length, is 

s 

1 

f( 6) dE = 0 
0 

as explained in reference 11. By applying the condition 

s 

0.4000 

f(C) de = 1 
0 

s 

1 

f(E) d.Fj = -1 
0.4000 

(Al) 

(A@ 
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the expression for f(C) was determined as follows: 

f( c) = 0 from 5=0 to S=e 

f( EJ = 5.305 -14.07(5-e) " i$= e to 5 = 0.3847 

f( El = 0 II e = 0.3847 to 5 = 0.4ooo 

f( El = -l.l.ll (t -0.4ooo) " f = 0.4000 to t = 0.7000 

f( 5) = -3.333+11x( t - 0.7000)” 5 = 0.7000 to 5 = l.oooo 

where e is the distance from the nose to the focus of the prolate- 
spheroid forebody, defined by 

6 =-(0.3847) - J(0.3847)2 - 

The 5 axis along which the sources lie is now ass-d to be coincident 
with the x axis. The stream function from the source-sink distribution 
can then be regarded as the difference fn the emount of fluid flowing 
inside a circle of radius r, the plane of which fs norma3 to the x 
axis and the center of which is on the x axis, snd the amount of fluid 
delivered by the source-sink distribution upstream of x. Thus, where 
$L is the stream function of the source-sink dfstribution (reference 11) 

(A3) 

inwhich 

b = J (X-E)= + r2 

The stream function; *2, due to the superimposed flow parallel to the 
x axis is 

$2 = *r2Uo @4) 

where lJo is the free+tream velocity. 
thus becomes 

The total stream function, $, 
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Equating the total stream function to zero results in the equation of the 
surface of the body0 It is apparent that for a given f(t) different 
values of TJo will produce a family of bdies of different ftieness 
ratios. Letting q equal zero and solving for the value of U. that 
correspouds to the fineness ratio of the test body gives 

. 

‘0 = ar2 'l=f(f) (l++dl 

Any values of x and r that correspond to pofnts on the surface of the 
body (except at the nose and tail) can be used to evaluate Uo. The 
velocities of the flow due to the source+ink distribution, parallel to 
the x axis, Au, asd normal to the x axis, Av, are then (refer- 
ence ll) 

Au-&$ (A71 

&=$-2 

and the pressure coefffcient for the incompressible flow becoms 

w3) 

(A91 

The result of this equation is shown graphically in figure 9 as the 
incos@ressible-flow solution. 

The equations developed for incompressible flow can now be extended 
to compressible flow. In the appendix of reference 7, it is shown that 
a first-order approximation of the subsonic compressible flow about a 
three-dimensional body ce be obtained in three steps. This method, 
originally developed by Gothert, can be applied to the bcdy of revolution 
in the following mmner: 

1. The radial coordinates o all oints on the surface of the body 
are contracted by a factor /3 = Jkd where M. is the free-stream 
Mach number. (In reference 7 the x coordinates are expanded in place 
of contracting the radial coordinates. The two procedures.lead to the 
same result, but expandi.ng the longitudinal coordinates involves computing 
difficulties for bodies of unit length.) 

' 2. The free+tremt velocity- Uo' and the velocities due to the 
source-sznk distribution, Au' sad Av', are calculated as if the con- 
tracted body wme in incompressible flow. ~ 

. 

-7 .- 
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3. The values of U,, Au, snd Av in the compressible-flow field 
of the original uncontracted body are found by the following.equa.tions: 

u, = Uo’ 

Au=hAut 
Be 

Av=$ Avt (Am 

Thus, in the Dresent case, the'source-sink distribution was retained as in 
the incompressible flow, but the evaluation of the velocity components was 
made for a body the fineness ratio of which was l/e times that of the test 
body. These velocities were then multiplied by the factors in step 3 above. 

(Am 

(All> 

The pressure coefficients in the compressible flow cannot be computed 
with the ssme accuracy as in the incompressfble flow, because the steps 
above were developed from a linearized equation of motion and boundary COP 
dition. (See reference 7.) To Hnearize the equatfon it was necesssry to 
neglect all values of Au/U0 and Av/U, that were of higher degree than 
the f%st and all cross products of th8Se quantities (a'procedure first 
used by Prandtl and Glauert). This leaves the expression for the pressure 
coefficient calculated for compressible flow by linear theory as 

p=qclu 
VO 

(A13) 

The result of this equation is .shown graphically in figures 9 and 10. 

The velocity components for this body in compressible flow, as evalp 
ated by the methods explained in the foregoing paragraphs, are given in 
equations (Al&), (Al5), and (AI..~). The incowressible velocity components 
can be obtained by considering j3 = 1. 

+Arbe(x - 0.3847 + r) - bf(x - 0.3847) - 2E2L 

. fFk2 tn 
x-o.3847 +bf 

x4.3847 +b, +s 
)] +'2.n7 [bg(O.kOOO+x) - %h(o.7~o+X) + 

0.8COO(b~bg)-2(b1-bh)+b1(x+l.C000)+~2r2Zn 
(x-l.0000+bl)(x4.kOCO+b,)- 

(x4.7om+b# - 
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. 

as2 (bf(x4L&q'4bf) - b,(x-a.&+Ecb,)) 1 + 

2*777 
[ 
(0.4000+x) _ 2(0.7000+x) 

bg %l 
+oL&(~-$-)-2(-p)+ 

(~+umo) 
bl 

+ 2Zn 
(x-l.OOOO+b~(xdmOO+bg) _ 8s2 

(~-o.~Ooo+bh)~ 

1 1 
bg(x-0.7000+bg) - bl(x-l.OOOO+bl) -. 

- 

(Al5) 
L I -- 

1 AT=-- (x-o.38474 x-o.3847# 
25rPr 

2 _ 
ebe - be 

lx-o.3847)2 + b 
bf e- f 

b 

B%T~($ -&)] + 2.777 [.""+;;"" - 2(x2;*4gm) + bg - 2bh + 

0.8000 f x-0.7000~ x4.4000 
\. bh bg 

where 
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P =Jl-M$ 

E = do.1479 - o.oo5glp2 

be = 4/(x - 0.3847 +E I2 + p2r2 

bl = J (x -lmoO)2+p2-r" 
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CALCULATIOMOF~FLOWABOTJTTHEBGDYOJ?; 
REVOLTJTIONINAN INCLINEDFLOWFIEID 

The velocities along the upper s& lower meridians of the body of 
revolution in inclined flow can be calculated for incompressible flow 
using the theory of airships. In reference 12, an equation for transverse 
force is developed from consideration of the flow about ellipsoids of 
revolution. 

mli = qo5( r sin 2Osti 2a (al) 

where 

rnt transverse force per unit length 

x,r body coordtites 

qo free-stream dynsmic pressure 

cp tm-1 dr 
dx 

. 

a angle of attack 

This simple formula has been-shown by comparison with exprimental data 
to give the general distribution & magnitude of the transverse force with 
a high degree of @ccuracy. 

And thus 

2qos[ r e 
AFt = dx 

l+./dr 

\ > 

2 sin2a 
dx 

032) 

1 
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Also, from reference 13, 

&Ft = p d r (ux ut + vx vt) (B3). 

where 

UX, vx velocity components at the>plane of symrnstry of the flow due to 
the longitudinal motion 

yt’ vt velocity components at the plane of s-try of the flow due to 
the transverse motion 

Eh~ting Lst in equations (B2) snd (B3), and us% the relation 

v-t vx dr 
GI=u,=z 

the expression for I+ in incompressible flow becomes 

w-d 

(B5) 

To calculate the velocity components in compressible flow by linear 
theory, the procedure used in Appendix A can be extended to the inclined 
body with only one important difference. In linear theory one coordinate 
axis must be in the free-stream direction (reference 7), since all coordi- 
nates normal to this axis are reduced by the factor B. When a body of 
revolution is inclined to the stream direction and its coordinates normal 
to the stream direction are reduced by the factor j3, it does not remain a 
body of revolution. For slender bodies at small an@es of attack, however, 
this distortion from a body of revolution is small and was ignored in this 
calculation. The incompressible flow was considered about a body of revolu- 
tion, the radial ordinates of which were j3 times the radial ordinates of 
the body in compressible flow, and the angle of attack at of which was 
related to the angle of attack fn compressible flow a by 

tan at =$tana (~6) 

where 

B m 

M, Free-stream~ch mmfber 
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Applying equation (B5) to this body gives 

sin 2u' 
(37) 

where the primes indicate that all radial ordinates and the angle of attack 
of the original body have been reduced by the factor j3. It is apparent 
that 

dr’=a(ar)=,dr 
dx dx dx 

and it is consistent#tith linear theory to consider 

and 

where is obtained from 

. 

equations (A15) and (~16) at the same 

Mach nuziLer under consideration. 

Zaserting these approximations into equation (B7) results in 

s=,* w3) 
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and from equations (AlO) and (All) 

'?t 1 ut' m-z- --= 
uo B2 rr, -* 

(‘89 > 

which indicates that the induced velocities due to angle of attack are 
practically unaffected by compressibility. 

The pressure coefficients along the upper meridian in compressible 
flow calculated by linear theory then becoma 

p = -2 K > A$ a=0 +z 1 
and along the lower meridian 

(alo> 

The result of these calculations is shown graphically In figure 11. 
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COCBDlXA!lBSF~!BENACA 641432AIRFOIL 
[Stations and ordinates given in 

percent of airfoil chord] 

Vpp3r surface Lower surface 

Station Ordinate Station Ordinate 

0 0 0 -418 1.025 382 z.925 
.659 1.245 .841 -1.10!3 

1.147 1.593 1.353 -1.379 
2.382 2.218 2.618 -1.846 
4.568 zig 5.I-32 42.491 
7.364 

4:386 
7.636 4,967 

9.865 1oJ.35 
14.872 
lg.886 

Z'% 15.128 I;‘;$ 
61470 2o.xfh 24.903 25.097 +3g 

29.921 6,815 30.079 
34.941 7.008 

p& 

fE86; 
50:oOo 

2:;; zz l :z 61583 50.000 45:018 =:9g 
~% 

651039 

5.619 6.151 54.984 

z‘;E 

-3:477 ;:;g 

5.004 G2.944 
70.045 4.322 6&m -2.378 
75.047 3.590 74.953 -1.800 
80.045 2.825 79.955 -1.233 
85.038 2.054 84.962 
90.027 1.303 89&m ::;g 
95.013 .604 94.987 .028 

100.000 0 100.000 0 

LE. radius: 1.040. Slope of radius 
through LE.: 0.084, 

v 

23 
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TABIE II 

COORDINATFSFClR TBENACEIJEAND TEU3BODYC8?'REVOLUTIOIV 
[Stations and ordinates given in 

percent of body length] 

. 

Station 

0 
1.25 
2.50 
5.00 

10.00 
20.00 

g:: 
40:oo 

Z% * 
70:oo 
80.00 
85.00 
90.00 
95-m 
97.50 

100 .oo 

Nacelle 
ordinate 

0 
1.62 
2.29 

z-:1" 
5:62 
6.26 
7.69 
7.69 
7.63 

2z 
4136 
3.32 
2.27 
1.14 

-54 
0 

Body of 
revolution 

ordinate 

0 
1.62 
2.29 
3.16 
4.31 
5.62 
6.26 
7.69 
7.69 

2-g 
525 
3.96 
3.02 
2.04 
1.03 

952 
0 

. 
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foJ Body of revohtion. 

Semkprm urea (wing &neJ - 8.283 sq ff 
Aspecf ratho (wing done) = 6.04 
Taper raffo = 0.50 
E(whg a/oneJ = I. 728 ff 

(pardfei fo root cbort# 

25 percent chord 
of a/rfo// section 

Rows of pressure oriffces 

(bJ Sendspn ting and naceI’!e. __ 

Figure /.-Body of revo/ufion G& whg-note//e combhafion. 



. 
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. 

(a) Wing-nacelle combination. L 

(b) Body of revolution. 

Figure 2.- Wing-sacelle cotiination and body of revolution mounted in the 
kmf3s l2-foot pressure wind tunnel. . 



, 

. 
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Figure 3. -The var~atlon of drag Goefficient with Mach number for the body of revoluf/on 
af 0” #g/e of atfack I?+ , 3,760,000, 
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Figure 4. - The distribuh’on of pressure coefikienf along four meridiai?s on the 
body of revolution of several Moth numbers. 4, O? 
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0 
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.60 

.80 

.85 A 

V .90 I-i-H 
D t-j-j--I .94 

fql Meridians, 0; 30,” 60: 90” 
Figure 5. - The distribution of pressure coefficient along eighf meridiuns on fhe 

body of revohffon at sever& Mach numbers. u,,# 20 
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Figure 5 - Concluded. 
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. Percent body /engfh 
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mA .85 I-j-t-j 

I I I I I I I I I 
go* I 
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. . 
/u) Merr’dlons, 0: 30: 60; 90’1 

Figure 6. - The distriibvf/on of pressure coeffkienf dong eight mefioRn?s on fhe 
body of revolution of severui Mock numbers. u,, 41 

. 

. 



34 

20 40 60 80 100 0 20 40 60 80 100 

.-A- 
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Figure 6 - Conchded. 

Percent bo& /engfh 

(6) Merkfims, /ZO,O 150,” 180: 2704 
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Figure Z - The d/sfribufion of pressure coefficienf along eighf meridians on fhe 

body of revofufion uf sever01 Mach numbers. a;, 60 
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Figure 8.- The disfribufion of pressure coefficienf ulong eighf meridians on fhe 

body of revol.ufinn uf severuf Much numbers. q,, 80 
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I I I Ir Incompressible-flow theory I I I I M=U.r t8 I!!!\“,,,,,!!!!l,‘!!’ 

0 0 20 30 40 50 60 70 80 90 IO0 

Percent body lengfh 

Figure 9. -A comparison of fhe lengfhwise distribuft’on of pressure coef- 
ficient obfoined experimentoIly of Much numben of 0.18 und 0.90 wifh 
thof co/cu/ated by theory. +, OS 



o Tesf points, 26.9 % leng 

0 .I .2 .3 .4 5 .6 7 .8 .9 1.0 

Mod number, MO 

Figure IO.- The effect of Much number on the pressure coeff.iMnfs of the minimum- 
pressure sfafion on the body of revolution a,,, 0: 
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d Lower meridian 
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Figufe //.-A compufison of the effecf of Much number on fhe pressure 
coefficienf on fbe upper and /Owef surfuces if 26-g-pefcenf /engm’ 
of sevefu/ angles of attucK with fhaf cu/cu/ufed &y hl?euf iheory. 
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Figure 1’3 - The vuriifion wifh kch number of fhe fiff coefficienf uf severa/ 
angles of uffock crnd of the pifchiig-moment coefficienf of severoil vuhes 
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Figure /4.-The wriofion wifh Moth number of the /iff-curve slope and the 
oerodynomic center. 
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Wing-nace//e 
---- Wing d/one 

t 

0 ./ .2 .3 .4 .5 .6 .i’ -8 .9 I.0 
Mach number, MO 

Figure I...- The variufion wifh Much number of the drug coefficienf uf st : erol 
values of liff coefficienf. 
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Figure /6.-The voriution with Mach number of the muximum fift-fo-drag r&o, 
the lift coefficient for maximum //‘ff-to-drag fofio, and the mhimhvn drug 
coefficient. 
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-Line of c 

Upper suf f uce . Lower sufface 

Figufe 17. -The fines of constunt pressure coefficiefft on the upper and lower 
su..fuces for severd Much numbers. aU, 0: RW, 2,000,OOO. 
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-Line of consfanf 
pressure coefficient 

-Crest fine 

Upper surf ace Lower surface 

tbl A& 0.78, 0.80. 

Figufe 17.- Con fiffueo! 



HACA RM A5OlZO9 51 

-Line of consfanf 
pressure coeffcien 

-0esf line ’ 

Upper surface 6 Lower so 

/ / I 
/ 

(id M,, 0.83, 0.85. p$z&7 

Figure /Z - Continued 



52 I’ULCA RM A!%EOg 

L Line of cotwfonf 

Upper surface Lower suffoce 

b!l M,, 0.88, 0.90. - 
. 

Figure 17. -Cmc/u&d 
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- Line of consfunf 
pfessure co8 

- - Crest he 

Upper surface Lower surface 

(a) MO, 0.18, 0.75. v 

figure /B.-The fines of constant pressure coefficient on the upper and lower 
surfaces for sever01 Much numbers. au, 2 *; Rw, 2,000,OOO. 
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Upper surface Lower surf&e 

-624 
A4 / 

/ 
I , / I , 

/ / 

/cl MO, 0.83, 0.85. 

Figure 18. -Conthueo! 
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-Line of conshd - - - -. .-. 
pressure toe 

-- Cfesf he 

. 

Upper surface Lower suf face 

figure /8.-Gonc/uded. 
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- Line of consfmt 

Upper surface Lower suffoce 

lo1 MO, ‘O./e, 0.70. v 

Figure lg.-The lines of consfonf pressure cokffcient on fhe upper and /ower 
surfaces for several Much numbers. au , 4*; ffw, 2,000,OOO. 



----- -. -----_-... 
pressure coefficienf 

Cfesf he 

Upper surface A Lower suffoce h 

lb1 MO, 0.75, 0.78. - 

Figure /9.-Continued 
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AC7 - Lhe of consfanf 

Yhx8/ 

pressure coefficienf 1 / 
-- Cfesf fine Lo 
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